By utilizing tunnel injection of electrons, first demonstrated in quantum well lasers, we have measured enhanced small-signal modulation bandwidth, f Ϫ3dB , and reduced temperature sensitivity of the threshold current, characterized by T 0 , in In 0.4 Ga 0.6 As/GaAs self-organized quantum dot ridge waveguide lasers. Values of f Ϫ3dB ϭ15 GHz at 283 K and T 0 ϭ237 K for 318уTу278 are measured in these devices. The differential gain at 283 K is dg/dnХ8.5ϫ10 Ϫ14 cm 2 and the gain compression factor ⑀ϭ4.5ϫ10 Very promising performance characteristics of In͑Ga͒As/ GaAs quantum dot ͑QD͒ lasers have been reported in the recent past in terms of threshold current, tunability of wavelength, and output power.
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Very promising performance characteristics of In͑Ga͒As/ GaAs quantum dot ͑QD͒ lasers have been reported in the recent past in terms of threshold current, tunability of wavelength, and output power. [1] [2] [3] Values of differential gain as high as 10
Ϫ13 cm 2 at 77 K 4 have been measured under high injection conditions in QD lasers. In spite of this, the measured modulation bandwidth of 1 m and 1.3 m singlemode high-speed QD lasers is typically limited to 5-6 GHz. [5] [6] [7] From analysis of high frequency electrical impedance measurement data of single-mode QD lasers, with the appropriate carrier and photon rate equations, a ''quantum capture'' time of injected carriers is derived. 8 The value of this parameter, which includes transport through the heterostructure, continuum to bound capture time and intersubband carrier relaxation, varies with injection current and number of dot levels in the active region. For example, in a In 0.4 Ga 0.6 As/GaAs multidot layer laser the quantum capture time is approximately 30-50 ps, which agrees with the results of Heitz et al., 9 and also quantitatively agrees with the measured modulation bandwidth of 5 GHz. More direct femtosecond differential transmission measurements have been made by us on similar QD heterostructures using the pumpprobe technique. 5 These measurements have been done as a function of temperature ͑4 -300 K͒ and excitation level ͑number of carriers per dot͒. From a careful analysis of the data, it is apparent that in addition to intersubband electron relaxation in the dots, carrier re-emission to the barrier and wetting layers and the density of available states in these regions also play significant roles in determining the carrier dynamics, particularly at elevated temperatures. Similar conclusions were also arrived at by Deppe et al. 10 Depending on excitation level and temperature, intersubband relaxation times vary from a few ps to ϳ100 ps. 11 It is useful to note that in quantum wells, the relaxation times are ϳ2-5 ps. 12 It is evident that a significant ''hot-carrier'' problem, or a gain compression can exist in QD lasers at the wavelength of the ground state transition. It is therefore worthwhile to explore alternate techniques of injecting electrons directly to the lasing states, thereby bypassing the usual injection process over the heterojunction barriers. It has been demonstrated by us that tunneling of electrons directly into the lasing subband improves the performance characteristics of quantum-well lasers. 13 Higher small-signal modulation bandwidth, lower wavelength chirp, reduced Auger recombination, and a smaller temperature dependence of the threshold current ͑large T 0 ͒, compared to conventional separate confinement heterostructure ͑SCH͒ lasers, were measured in GaAs-and InP-based tunnel injection lasers. [13] [14] [15] By tunnel injection, ''cold'' electrons are introduced into the lasing subband of the active ͑gain͒ region ͑resonantly or phonon assisted͒ at or near the Fermi level at a rate higher than the stimulated emission rate, and the electron distribution remains quasi-Fermi even at large drive currents. The hole thermalization rates are usually very large due to the high density of states and band mixing. Hot-carrier effects, mentioned earlier, can therefore be minimized. Asyran and Luryi 16 have recently shown from theoretical considerations that using tunnel injection, parasitic recombination of carriers outside the quantum dot can be greatly reduced in a QD laser, and have predicted large values of the parameter T 0 . The tunneling concept has also been recently demonstrated in photopumped InP QD lasers. 17 In this letter we demonstrate large room-temperature modulation bandwidth ͑ϳ15 GHz͒ and large T 0 in self-organized In 0.4 Ga 0.6 As/GaAs QD lasers wherein electrons are injected into the quantum dots by phonon assisted tunneling.
The QD laser heterostructure grown by molecular beam epitaxy is shown in the inset of Fig. 1͑a͒ and the conduction band profile is illustrated in Fig. 1͑b͒ . Transmission electron microscopy of the heterostructures does not reveal any dislocations. Low-temperature photoluminescence ͑PL͒ measurements were performed on the samples with a 0.75 m scanning spectrometer, liquid nitrogen cooled photomultiplier, and lock-in amplification. The samples exhibit luminescence peaks at 1.18 and 1.27 eV from the QDs and from the In 0.23 Ga 0.77 As quantum well injector, respectively. Taking the hole confinement energies into account, the electronic energy separation in the conduction band, which is relevant to the tunneling process, is ⌬Eϭ82 meV. Rapid thermal annealing of quantum dots is known to blue-shift the ground and excited state transition energies due to In-Ga interdiffusion at the In 0.4 Ga 0.6 As/GaAs boundary, and partly to a dot size reduction. 18 The shift in the quantum well peak is very small under similar annealing conditions. Our objective was to reduce the energy difference ⌬E between the injector well and the ground state of the quantum dot to ϳ36 meV, such that electrons can be injected from the quantum well to the dot ground state, and not the excited state, by phonon assisted tunneling. This was achieved by annealing the heterostructure at 740°C for 35 s. The measured ⌬E varies in the range of 25-30 meV at 20 K as shown in Fig. 1͑a͒ . Temperature dependent PL measurements on the laser heterostructure show that the ⌬E increases with temperature at a rate of ϳ5.5ϫ10 Ϫ2 meV/K. Therefore, the ⌬E is ϳ36 meV at room temperature.
Ridge waveguide lasers 5 mϫ400 m long were made by standard photolithography, wet and dry etching, and metallization techniques. The threshold current of the laser at 300 K was measured to be 40 mA, which is rather high. We believe this is due to increased waveguide losses ͑measured to be 9.8 cm Ϫ1 ͒ in the tunneling structure, the small fill factor of the dots ͑ϳ0.28͒ and the relatively small cavity length ͑very small values of I th have been reported in laser ϳ1 mm long͒. The lasing peak at threshold is at 1022 nm ͑1.21 eV͒. The small-signal modulation response of the laser was measured at room temperature with a HP 8562A electrical spectrum analyzer, a HP 8350B sweep oscillator, a low noise amplifier, and a New Focus high-speed detector. The frequency response for varying injection currents is shown in Fig. 2͑a͒ . A bandwidth of f Ϫ3dB ϭ15 GHz is measured for I ϭ175 mA under pulsed operation ͑1 s pulses at 10 KHz͒. The devices were also tested under continuous wave operation and a bandwidth of ϳ12 GHz was measured for I ϭ175 mA. Figure 2͑b͒ shows a plot of the resonance frequency f r of the modulation response, under pulsed condition, versus the square root of the injection current, which has a slope of 0.53 GHz/mA 1/2 . With this value of the slope, a value of 28% for the QD fill factor as measured by atomic force microscopy on similar samples, and a confinement factor of ⌫ϭ2.4ϫ10
Ϫ3 for the laser heterostructure, 5 a value of dg/dnϭ8.5ϫ10 Ϫ14 cm 2 is obtained. This value of differential gain is considerably higher than that measured in conventional SCH QD lasers 5 grown under identical conditions. The measured small-signal modulation bandwidth of 15 GHz, which is the highest to our knowledge at room temperature, indicates that QD lasers can exhibit high-speed modulation bandwidths once carriers are injected at the lasing energy in the dot, and that most of the recombination takes place therein. The presence of the 100 Å In 0.23 Ga 0.77 As injector QD helps to inject electrons and keep them localized in the dots. It is also important to note that a bandwidth of 15 GHz is measured in a laser which is 400 m long and with a injection current ratio I/I th as low as 4.5. To get higher modulation bandwidths, it is necessary to increase the photon density in the cavity, which is attained with a high injection current and a very short length ͑ϳ100 m͒ cavity. Preliminary calculations of the small-signal modulation response with the material parameters of In 0.4 Ga 0.6 As QDs, assuming that the strain in these dots is largely biaxial due to their shape, indicate that f Ϫ3dB should be 30-35 GHz in welldesigned devices. 13 It should be noted that the high frequency modulation response characteristics display a dominant peak at ϭ r , the resonance frequency. This feature is characteristic of all tunnel injection lasers and, to a large extent, indicates that gain compression effects are minimized in these devices. Analysis of the modulation response yields a gain compression factor ⑀ϭ4.5ϫ10 Ϫ17 cm 3 . This value is a factor of 100 lower than SCH QD lasers. Figure 3 shows the measured variation of I th with T. A value of T 0 ϭ237 K is obtained from a fit to the data in accordance with I th (T)ϭI th (0)e T/T o . The slope efficiency of 29% indicates that nonradiative recombination could contribute to the large value of T 0 . However, comparing our measured values of T 0 with calculated data of Asyran and Lyuri, 16 it appears that fraction of injected carriers that recombines in the dots is quite high. This is to be expected since carrier loss from the dots and recombination in other regions of the heterostructure are minimized by the tunnel injection scheme.
In conclusion, by phonon assisted tunnel injection of electrons in a In 0.4 Ga 0.6 As/GaAs QD laser, we demonstrate a large modulation bandwidth of 15 GHz at room temperature. The tunnel injection process helps to maintain a quasi-Fermi distribution in the quantum dot, reduces gain compression and minimizes recombination of carriers in regions outside the quantum dot. 
